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Model studies were conducted to  develop the hydraulic design of the 
approach channel, intake structure, tunnel transition section, in- * + 

clined tunnel, vertical bend, tunnel trajectory, combination stilling 
basin-flip bucket, and the stream channel protection. Reshaping 
the approach channel improved the flow pattern. Approach channel 
construction limitations were recommended. The center pier in the 
transition section was altered to improve flow conditions in the in- 
clined tunnel. The tunnel trajectory extending to  the combination 
stilling basin-flip bucket 'was modified to eliminate severe subat - 
mospheric pressures. -A combination stilling basin-flip bucket was 
developed to still a minimum of 12,000 cfs and to  flip a jet down- 
stream for flows up to  92,000 cfs. This basin satisfactorily dis- 
charged the anticipated maximurn diversion flow of 3 1,000 cfs. A 
vent was installed in the crown of the tunnel to prevent the tunnel 
from filling when discharging diversion flows up to 20,000 cfs. A 
stoplog storage facility at the downstream end of the stilling basin- 
flip bucket, was developed to  prevent the stored logs from being 
dislodged by the spillway flow. Riprap protection for  the left bank 
of the stream channel downstream from the basin was determined. 
The amount of tailwater drawdoavn at the powerplant and outlet 
works resulting from the operation of the spillway flip bucket was 
determined. 
DESCRIPTORS- -*Spillways /outlet works /diversion works /tunnels / 
*flip buckets /*stilling basins /intake structures /radial gates /piers / 
bends /discharge coefficients /roughness coefficients /tunnel hydraulics / 
hydraulic similitude/transducers/piezometers/ jets / r iprap/  stream- 
flow /diversion tunnels /tailrace /*hydraulic models /bank protection/ 
computer programming/ hydraulic jumps 

IDENTIFIERS- -Subatmospheric pressures /approach channels /tunnel 
transitions /tunnel trajectories 
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PURPOSE 

The studies were conducted to develop the hydraulic design of the 
spillway approach channel, the intake structure, the tunnel transition 
section, the inclined tunnel, the vertical bend, the ,horizontal tunnel, 
the tunnel trajectory, the combination stilling basin-flip bucket, and 
the s t ream channel protection. Diversion flows through the spillway 
stilling basin were also investigated. 

CONCLUSIONS 

1. The general concept of the preliminary design was satisfactory. 

2. Reshaping the approach channel improved the flow pattern and 
reduced the amount of excavation, Figures 17 and 18. 

3. Spoil from approach channel excavation should be leveled to eleva- 
tion 3547, Figures 1 9  and 20. 

4. The spillway will discharge the design flow of 92,000 cfs (cubic 
feet per aecond) at approximately design reservoir  elevation of 3660. 
Discharge curves for  gate controlled qfow and for  f ree  flow a r e  shown 
in Figure 24. 1, 

5. The center pier in the transition section was modified to reduce 
the fin of water extending downstream from the pier; otherwise, the 
flow through the tunnel transition section, inclined tunnel, vertical 
bend, and straight tunnel was satisfactory, Figu'res 25 and 27. 

6 .  The tunnel trajectory leading to  the combination stilling basin-flip 
bucket was modified to eliminate severe subatmospheric pressures 
along the tunnel invert. 
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flows up to at least  12, 000<fs, and toAflip flows greater.thin.12, 000 cfs 
into the r iver channel, Figures 40, 42, and 43. The basin 'satis - 
factorily discharges the anticipated maximum diversion flow of 
31,000 cfs, Figures 55 and 57. 

8. -An a i r  vent was installed in the crown of the tunnel trajectory 
near the point of curvature to prevent the tunnel from filling when 
discharging diversion flows up to 20,000 cfs, Figure 55. • 

9. A stoplog storage facility was developed at the downstream end 
of the stilling basin-flip bucket to  prevent the stored logs from 
being dislodged by the spillway flow, Figures 48 and 49. * 

10. The ~ x t e n t  of r iprap needed for  protection of the left bank of 
the stream channel downstream from the spillway stilling basin for 
spillway flows up to 12,000 cfs was determined, Figure 51. 

11. The tailwater drawdown at the powerplafii and outlet works, 
Figures 53 and 54, as caused by operation of the spillway was 
measured. It was determined that insufficient tailwater would 
exist for operation of the.outlet works when the powerplant is not .,, 

operating and the spillway flow exceeds about 20,000 cfs. - 
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INTRODUCTION 

Yellowtail Dam is the principal feature of the Yellowtail Unit of the 
Lower Bighorn Division of the Missouri River Basin Project. It is 
located on the Bighorn River about 45 miles southwest of Hardin, 
Montana, Figure 1. The dam is a concrete arch structure about 
1,400 feet long and 525 feet high, Figures 2 and 3. The principal 
hydraulic features a r e  the tunnel spillway, the r iver  outlet works, 
and the powerplant. 

The spillway, Figures 2 and 3, consists of an approacn channel, a 
radial gate-controlled intake structure, a concrete -lined tunnel, a 
combination stilling basin-flip bucket, and a short discharge channel 



3580, 13 feet below t h e  spillway cres t  a id  8Bfeet below maximum 
reservoir  elevation. The intake structure, Figure 5, consists of 
two radial gate-controlled sections converging into a single t&nel. 
The tunnel, Figure 6, curves downward through a transition section 
to a 55' slope. The transition changes the tunnel shape from an arch 
roof rectangular section at the entrance portal to a circular section. 
The sloped tunnel tapers from 40 feet 6 inches to 32 feet in diameter 
at the beginning of the vertical bend. The vertical bend has an invert 
radius of 290 feet. The tunnel leaves the vertical bend on a slope 
of 0.004, and the tunnel diameter remains at 32 feet to the exit portal 
at the stilling basin, 1201.53 feet downstream from the P. T. of the 
bend. Approximately 155 feet upstream from the exit portal the tun- 
nel bends downward 15.51 feet along an invert radius of 815 feet to 
the stilling basin floor. 

The exit portal is 1,733 feet downstream~from the cres t  and 250 feet 
upstream from the end sill of the stilling'basin, Figure 7. The basin 
floor is at elevation 3140 o r  453 feet below the spillway crest. The 
stilling basin has a semicircular bottom the same diameter a s  the 
tunnel, Figure 8. The combination stilling basin-flip bucket is de- 
signed as a hydraulic jump energy dissipator for  flows up to at least 
12,000 cfs and then acts as a flip bucket in projecting flows greater 
than 12,000 cfs into the downstream r iver  channel. A stoplog s tor-  
age facility is located at the downstream end of the basin for storage 
of the downstream bulkhead, Figure 9. 

During construction of the dam, the near horizontal portion of the 
tunnel downstream from thevertical bend will be part of the diver- 
sion tunnel, Figure 3.  During diversion the basin may be required 
to discharge a s  much a s  31,000 cfs from approximately reservoir 
elevation 3280. 

The powerplant and r iver  outlet works, Figures 2 and 3, a r e  located 
at the toe of the dam approximately 1,000 feet upstream from the 
spillway stilli powerplant accommodates four 62,500- 
kw (kilowatts ) s, and the outlet works includes two 84- 
inch hollow-jet valves discharging into a stilling basin along the right 
side of the powerplant. 

The capacities of the outlet works and powerplant a r e  5,000 and 
3,000 cfs, respectively. These flows, together with 12,000 cfs 
from the spillway, provide a flood capacity of 20,000 cfs that can 
be discharged without using the spillway stilling basin as a flip 
bucket. The capacity of the spillway using the stilling basin as a 
flip bucket is 92,000 cfs. 3.. 

s. 
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The circular bottom of the spillway stilling basin-flip bucket extend- 
ing from the portal to the horizontal invert of the basin was 
molded in concrete. The remainder of the basin was constructed of 
sheet metal. Piezometers made from 1 / 16-inch-inside-diameter 
brass tubing were installed in the basin walls, along the invert and 
along the lip of the flip bucket. b 

Powerplant and Outlet Works 

The downstream face of the powerplant, the weir, and the outlet 
. 

works stilling basin were constructed of wood, Figure 14. The 84- 
inch hollow- jet valves were s!,mulated by use of 2-inch model hollow- - 
jet valves. These valves were not to geometric scale but since the 
outlet works basin was not being tested in this study, the valve size 
was not important. 

Stream Channel 

The banks of the stream channel, Figure 10, were molded of con- 
crete in the same manner a s  the reservoir area. The riverbed be- 
low elevation 3 180 and the left bank immediately downstream from the 
stilling basin were initially constructedof gravel and sand for erosion 
studies, and later covered witha layer of concrete. Tailwater staff 
gages were installed at the powerplant and at stations 1,300 and 2,800 
feet downstream from the powerplant. 

Water Supply 

Water was supplied to the model from the laboratory's permanent sup- 
ply system. For preliminary studies of the spillway stilling basin-flip 
bucket, the water supply was pumped directly to the tunnel downstream 
from the verticalbend. This made it possible 'to study the stilling basin 
for diversic~nflows while other parts of the model were under construc- 
tion. The depth and velocity of flow at the exit portal of $he tunnel were 
controlled by means of a slide gate installed approximately 600 feet 
from the portal. TVater was supplied to the powerplant and outlet works 
througha separate piping system shown in Figure 15. 

THE INVESTIGATION 
. 

The investigation was concerned with flow conditions in\the spillway 
approach channel, the intake structure, the tunnel tr&\sition sec- 
tion, the inclined tunnel, the vertical bend, the near he,rizontal tun- 
nel, the tunnel trajectory to the stilling basin, the comGi,nation still- 
ing basin-flip bucket, and the river channel. The river channel 
studies were conducted with and without the powerplant and outlet 
works operating in conjunction with the spillway. 



Preliminary.--Flow through the preliminary spillway approach chan- 
nel in general was satisfactory, Figure 16A. However, a t  the design 
flow of 92,000 cfs, minor disturbances occurred around the 90' wing- 
walls at the intake structure and around the nose of the right bank. 

Modifications.--Straight 45" wingwalls at the intake structure were 
installed and tested, but proved to  cause m ~ r e  disturbance than the , , 
preliminary curved walls. Since the disturbances a t  the 90' wingwalls 
were minor, no further testing of wingwalls were conducted and the ' .  
preliminary wingwall was accepted for prototype use. 

In an effort to reduce the excavation requirements, the approach chan- 
nel widths of other structures that had been modeled were analyzed 
to determine a feasible approach channel velocity. In the preliminary 
Yellowtail Dam spillway model studies21, the design flow was 173,000 
cf s and the average velocity was compzed to be approximately 11 feet 
per second at the approach channel entrance and approximately 15 feet 
per  second near the intake structure. In the Glen Canyon Dam spillway, 
the average velocity for the design flow of 138, 000 cfs was measured 
in the model to be equivalent to approximately 8-112 feet per  second at  
the approach charnel entrance and approximately 15-112 feet per  second 
near the intake structure. 

Based on this analysis, the width at the entrance to the approach charn- 
nel was reduced from approximately 140 to 120 feet. This reduced 
width produced a com>uted average velocity of approximately 9 - 1 / 2 
feet per second at the 'entrance to the approach channel and approxi- 
mately 13 feet per  second near the intake for  the design flow of 92,000 
cfs. Flow through this narrow approach channel, was very smooth 
except for  increased disturbances around the nose of the right bank, - * .  
Figures 16B and C. 

Recommended.--The narrow approach channel was chosen for  proto- 
type use, &'igure 4. Minor modifications, including a long radius 
of curvature around the nose of the right bank and a 2:l downward 
slope at the upstream end of the approach channel floor, were in- 
cluded in the recommended design. A natural depression in the 
prototype topography passed through the right bank of the approach 
channel, Figure 18. However, the model tests  showed that this 
depression did not contribute materially to any disturbance in the 
flow. 

Flow conditions in the recommended design were very good for all 
discharges, Figures 17 and 18. However, some minor disturbances 
still  occurred along the right bank. By means of dye s t reamers  it 
was determined that these disturbances were caused by flow currents 
originating deep in  the reservoir and rising to  the water surface 
along the nose of the right bank. 
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miter;& from the approach chage l  wai *bulldozed over the cliff at  the 
entrance to the approach channel, Figure 19. When the approach chan- 
nel was completed, this loose materid extended to the elevation of the 
approach channel floor. It was feared that it might be carried into tun- 
nel by the spillway flow and abrade the concrete tunnel lining. There- 
fore, the amount and location of this loose material were measured in 
the prototype and represented in the model using white sand, 0.2 milli- • 

meter in diameter, Figure 20A. This sand closely represented the 
scaled size of the prototype material. . 
Tests initidly were conducted with the loose material graded to the 
same elevation as  the approach channel floor, elevation 3580. Tests 
indicated that at  maximum discharge, the top of this loose mater id  
would be carried into the approach channel and over the crest of the 
spillway into the tunnel, Figure 20A. 

The top of the spoil was lowered to elevation 3563 for a second test, 
Figure 20B. Materialnear the nose of the right bank, where velocities 
were comparatively high, was still carried into the tunnel by the design 
discharge. 

A third test was made with the material leveled to elevation 3547, 
Figure 20C. For  this test, the material near the nose of the right 
bank was moved but was not carried into the approach channel. These 
tests indicated that the loose mater id  should be leveled at  least to 
elevation 3547. 

Intake Structure 

General appearance. --The intake structure, Figure 5, discharged all 
flows in a very satisfactory manner, Figure 2 1. The water surface 
was as smooth a s  could be expected. Water surface profiles along 
each wall  and each side of the center pier were well below the gate 
pins for maximum design flow, Figure 22. 

Pressures. --Pressures were measured along the crest profile near 
the training wal l  where the crest curvature was the greatest and . 
along the centerline of one bay. A l l  pressures;:were near atmos- 
pheric or  above for the design flow and for 12: 000 cfs discharging 
from maximum reservoir elevation through a 5-foot gate opening, 
Figure 23. The lowest pressures were recorded at the piezometers 
located on the centerline crest profile for a gate-controlled flow 
of 12,000 cfs. 

Spillway capacity. --The discharge capacity of the spillway was deter- 
mined for both uncontrolled and gate -controlled flows. The results 
are plotted in Figure 24. The design flow of 92, 000 cfs w a s  dis- 
charged at approximately design reservoir elevation 3 6 60. 
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using the equation, Q = ~ ~ ~ 3 1 2 ,  where Q is the discharge; L is 
the crest length of both bays, H is the difference in elevation between 
reservoir  water surface and crest, and C is the coefficient. The 
results a r e  plotted in Figure 24. For  the design flow of 92, 000 cfs, 
the coefficient was approximately 3.34 which was very close to the 
design value. 

Transition Section : :' i 

Flow characteristics .- -The preliminary transition between the gate 
section and the circular tunnel performed very well and required no 
modifications, Figure 25. The preliminary center pier shown in 
Figure 26 was not completely satisfactory in that an a i r  pocket and 
a large fin of water formed downstream from the pier. The fin was 
objectionable because~it  impinged upon the crown of the inclined tun- 
nel, possibly resulting in excessive a i r  entrainment in the prototype 
flow. Bulking of the flow, due to the a i r  entrainment, might crowd 
the tunnel and hinder the normal passage of a i r  required for the proper 
ventilation of f ree  flow. Although the problem did not appear to be 
serious even at the design discharge, several modified piers  were 
tested to eliminate o r  reduce the magnitude of this fin. 

Due to the nonsyrnmetrical approach channel, a ridge of water also 
occurred along the right wall of the transition. This ridge of water 
fluctuated a s  indicated in Figure 25, but did not spin over the crown 
of the tunnel. 

P ie r  modifications.--The preliminary pier, Figure 26, was lengthened 
from 57.53 to 102.5 feet and tapered to nearly a knife edge at the 
downstream end. The a i r  pocket was eliminated and the fin was 
greatly reduced with this modification; however, a thin layer of water 
climbed the tunnel sidewalls and folded over much like the center fin 
that had formed with the shorter pier. Apparently, the longer center 
pier  crowded the flow to the sides. This water added to the ridge of 
water already occurring along the right wall and made the fin la rger  
on the right wall than on the left wall. 

For  the second trial, the pier  was shortened to 45 feet, the minimum 
length required for structural support of the tunnel roof. The short 
pier intensified the fin which struck the crown of the tunnel at a dis- 
charge of 70,000 cfs, o r  about 15,000 cfs less than observed with the 
preliminary pier. 

Next, the pier was lengthened 25 feet at the water surface for design 
flow. Below the water surface, the length of the extension was reduced 
to zero at the invert along a concave path. 



of the pier and provided excellent flow conditions for-all discharges. 
The fin was nearly eliminated and the water' surface at the walls of the 
tunnel was lowered. However, a piezometer installed on the floor of 
the tunnel near the corner of the end of the pier showed subatmospheric . 
pressures  equal to about 10 feet of water. A i r  vents were drilled in 
the end of the extension to relieve the low pressure, after which the 
air pocket and the fin of water again formed. c 

Recommended pier.--Other slight variations were tested with minor 
degrees of improvement before arriving a t  an acceptable pier  design. 
The pier  recommended for  the prototype was the 45-foot-long pier  with 

. 
the downstream end extended to a line normal to the invert a s  shown 
in Figure 6. This modification did not eliminate the fin, Figure 25, 
but reduced thecsize of the a i r  pocket and, in turn, the size of the fin. 

Pressures.--A low-pressure area  in the transition was detected a s  
shown in Figure 26; however, the minimum observed pressure was no 
more than 5 feet of water below atmospheric and occurred only for 
maximum design flow. Pressures  approached atmospheric a s  the dis- 
charge was decreased. 

Inclined Tunnel, Vertical Bend, and Horizontal Tunnel 

Flow characteristics. --The tunnel design is shown in Figure 6, With 
the reduction in the magnitude of the fin, as discussed in the pre- 
ceding section, the flow through the incline$ tunnel, vertical bend, 
and horizontal tunnel was excellent at al l  discharges, Figure 27. 
There was very little tendency for  the flow to climb the walls of the 
tunnel downstream from the bend, indicating that bend radius was 
ample. 

Pressures  .- -Pressures recorded along the invert of the inclined tun- 
nel and vertical bend were well above atmospheric for  maximum 
design flow, Figure 28. Piezometers 64 and 65 show the magnitude 
of the force on the invert of the vertical bend. 

Preliminary Stilling Basin- flip Bucket 
- 

Test rocedures .--The initial investigation of the tunnel trajectory and 
h n m i n g  basin-flip bucket was made with the water supplied 
directly to the nearly horizontal portion of the tunnel. A slide gate was 
installed 600 feet (12-foot model) upstream from the P. C .  of the tunnel 
trajectory to control the depth and, therefore, the velocity of flow in 
accordance with the computed depths and velocities shown in  Figure 29. 

The combination stilling basin-flip bucket, Figure 30, is designed to 
act a s  a hydraulic jump stilling basin for flows up to 12, 000 cfs, with 



thus providing a total discharge of 20, 060 cfs. Based upon, the pre- 
liminary tailwater curves that were prepared specifically for the 
model study, Figure 31, the tailwater elevation for 20, 000 cfs could c 

vary about 4 feet, depending upon the amount of storage behind the 
afterbay dam 2 miles downstream from the stilling basin. Spillway 
flows in excess of the maximum stilling basin flow will sweep the 
hydraulic jump from the basin, thus converting the basin to a flip 
bucket. 

Flow characteristics. --The preliminary combination stilling basin- 
flip bucket is shown discharging 12, 000 cfs at maximum tailwater 
elevation in Figure 32A. Surges occurred at the upstream end of the 
basin. These were due to the rather flat slope at which the flow 
entered the basin. Occasionally these surges filled the tunnel at the 
exit portal. The hydraulic jump occupied the ripstream portion of , 

the basin indicating that the basin was longer than necessary. 

The basin was capable of stilling approximately 25 percent more 
than the 12,000 cfs requirement before the hydraulic jump swept 
from the bucket for the minimum anticipated tailwater elevation. 
This observation. was another indication that the basin was longer 
than necessary. Therefore, it  was estimated that the 330-foot-long 
basin could be shortened approximately 25 percent o r  75 feet. 

The basin performing a s  a flip bucket is shown discharging the max- 
imum .flow of 92, 000 cfs &I Figures 32B and C. A l l  discharges from 
the flip bucket produced jets that were quite uniform and well posi- 
tioned in the stream channel. 

Channel erosion.--The canyon walls were covered with a considerable 
amount of talus. It was planned to remove all such material includ- 
ing much of the overburden immediately downstream from the basin. 
The amount of excavation or  the location of rock contours was not, 
known at the time of these preliminary tests;  therefore, the model 
left bank was initially installed a s  a loose gravel slope. Later the 
rock contours were installed in concrete and the amount of riprap 
required for protection of the overburden for stilling basin flows 
up to 12, 000 cfs was determined. 

For  flip bucket flows, a considerable amount ~ f . ~ e r o s i o n  occurred in 
the loose rock of the model riverbed a s  shown for 92, 000 cfs in 
Figure 33. However, the prototype streambed is much more stable 
than loose rock and erosion to this extent ,i.cgoi: expected. Considering 
the extremely infrequent operation a s  a f,ip ijkcket, it was considered 
desirable to allow the jet to erode and, if ne:c$ksary, clean the proto- 
type channel after each occurrence. Th ion of the deposited 

- ".* - .  



by the deposited material would dam the channel and ra ise  the tailwater 
elevation at the powerplant and outlet works. This would reduce the 
efficiencyof both. The amount of material in the bar and thus the 
amount of channel cleaning necessary,yould depend upon the size of 
the eroded hole and the amount of material washed from the canyon 
walls. This could~not be determined in the model study. 

1 

Flip bucket pressures. - -Pressures  measured in the flip bucket of 
the basin a re  recorded in Figure 34. The pressures varied from 
about 105 feet above atmospheric to 5 feet below atmospheric and a r e  
similar to those found in other structures. - 31 

Modification of the Stilling Basin-flip Bucket 

Flow characteristics. - - - A s  a result of the preliminary tests, the basin 
'length was shortened 75 feet from 330.feet to  255 feet; the floor and 
bucket lip elevations were not changed. Tests indicated that this 
shorter basin was deeper or  longer than it  need be since 12, 000 cfs 
swept from the basin at a tailwater well below the minimum elevation 
of 3186 when the powerplant and outlet works were operating. 

Next, the basin floor was raised 5 feet to elevation 3145. With this 
arrangement, the jump for  12, 000 cfs swept out at tailwater elevation 
3 18 1; and at minimum tailwater elevation 3 186 the basin was capable 
of stilling about 13, 300 cfs before sweepout. Thus, this basin pro- 
vided a safety factor of 5 feet of tailwater depth o r  a discharge safety 
factor of about 1, 300 cfs above the 12,000 cfs, Test  1, Figure 35. 

1. *. - 

The basin was shortened further to 200 feet with the basin floor at 
elevation 3 145 and the bucket lip remaining at elevation 3 170. The 
hydraulic jump for 12, 000 cfs was swept from this basin arrange- 
ment at tailwater elevation 3186, thus, just barely satisfying the 
design requirement. 

Flip bucket flows from this basin produced rather ragged jets for 
certain discharges. Therefore, the flip bucket portion of the basin 
was altered several times in attempts to improve the jet and to pro- . 
vide sweepout for 12, 000 cfs at a lower tailwater. 

Changing the bucket radius from 150 to 138 feet and leaving the lip 
of the bucket at elevation 3170 improved the jet appearance but did 
not lower the sweepout tailwater elevation below elevation 3 186 for 
12,000 cfs, Test  4, Figure 35. However, increasing the length of . *  
this basin from 200 to 220 feet and leaving the basin floor a t  eleva- 
tion 3145 lowered the sweepout tailwater 2 feet to elevation 3184 
and increased the basin stilling capacity to about 12, 500 cfs at 

3 IASCE Transactions, Volume 126, Pa r t  I, 1961, Paper No. 3236, 
rCImproved Tunnel-Spillway Flip Buckets, " by T. J. Rhone and A. J. 
Peterka. 



basin with the floor at elevation 3 145 and a 138-foot radius flip bucket with 
the lip of the bucket at elevation 3170 was tentatively accepted until i t  
could be further tested with the tunnel flow originating in the model 
reservoir.  

Preliminary Tunnel Trajectory 

Test  procedure. --The preliminary tunnel trajectory shown in Figure 30 - 
was designed for the average flow velocity for 92, 000 cfs and tested with 
the tentatively accepted basin de s cribfd above. During these tests  the 
tunnel flow depths and velocity were cfjn-trolled by the model slide gate. 

/? 
Flow characteristics. --The flow diivtribution was poor near the tun- 
nel portal at the downstream end of the trajectory particularly for 
the higher flows. The water surface a t  this point was much higher 
on the centerline than at the sides of the tunnel. 

Pressures.  --Subatmospheric pressures  recorded along the trajectory, 
'Figure 36, also indicated that the curvature of the trajectory was too 
rapid. For  the maximum flow of 92,000 cfs, pressures were approx- 
imately 25 feet of water below atmospheric near Piezometer 4 a n  the 
trajectory centerline. Other flows down to 23,000 cfs also produced 
pressures below atmospheric a t  this point. 

.. . 
To be sure  that the proximity of the slide gate control was not affect- 
ing the pressures o r  the flow distribution, the slide gate was moved 
upstream a distance equivalent to approximately 900 prototype feet. 
Tests  with the gate at both locations produced approximately the same 
flow distribution and pressures. 

Recommended Tunnel Trajectory - 
Description. --A velocity profile for maximum discharge was meas- 
ured at the point of curvature of the trajectory, Figure 37. Using 
the maximum measured velocity of 158 feet per second, a new 
parabolical trajectory was computed. The parabolical curve was 
then very closely approximated by an 815-foot-radius a r c  for the 

i' 

recommended trajectory, Figure 6. This trajectory continued from 
the portal to the basin floor, Figure 7. At the time of these tests  
the basin floor was at elevation 3145. This trajectory to the portal 
was 27.03 feet longer than the preliminary trajectory. The length 
of the trajectory from the tunnel portal to basin floor corresponded 
closely to the 0.234 tangent slope in the preliminary design. 

Flow characteristics. --This longer trajectory improved the flow 
distribution at the tunnel portal by providing a more level water 
surface, Figure 38. A s  a result the appearance of the flip bucket 
jets was improved. 



; 

Pressures.  --The pressure gradients along the invert of the recom- 
mended trajectory were greater than atmospheric except fdr a short 
length in the vicinity of Piezometer 4 which was 6 feet of water below 
atmospheric for maximum flow, Figure 40, 

Pressures  also were measured with the source of flow controlled by the 
slide gate and again la ter  in the model study with the source at the 
model reservoir for comparison, Figures 38A and B. In general, the 
agreement betweenpressures measured when the flow was controlled 
bythe two methods was quite good. However, for flows l e s s  than ;i 
46,000 cfs the pressures were lower for reservoir-controlled flow,</, 
indicating higher velccities through the tunnel than when controlled ply 
the slide gate. This would affect the stilling basin sweepout tesysi ,+,',,.. 

* e< 

Modified Stilling Basin-flip Bucket 

Flow characteristics. --The tentative stilling basin-flip bucket de- 
veloped using flows controlled by the slide gate was 220 feet long 
with the invert a t  elevation 3145. After changing the flow source 
to the model reservoir, the hydraulic jump swept out of the basin 
with the tailwater at Station 28+00 at approximately elevation 3189, 
for 12,000 cfs discharging from reservoir elevation 3657, Test 6, 
Figure 35. This tailwater was about 5 feet higher than the sweep- 
out tailwater with the preliminary trajectory and with the flow con- 
trolled by the slide gate. This tailwater was also 3 feet above min- 
imum tailwater elevation 3186. Thus, the velocity of flow entering 
the basin was very critical in determining the tailwater elevation at 
which sweepout would occur. 

Recommended Stilling Basin-flip Bucket 

Stilling basin flow characteristics. --The basin was lengthened to  250 
?eet and the invert of the basin floor lowered 5 feet to elevation 3 140 for 
the prototype design, Figures 7 and 8. Fo r  12, 000 cfs the jump remained 
in the basin for  tailwater a s  low a s  elevation 3 183, and at elevation 3 186 
the hydraulic jump remained in the basintor flows up to about 12,800 cfs, 
Test  7, Figure 35. Withno flow through the powerplant and outlet works, 
the jump for 12, 000 cfs will be swept from the basin at tailwater elevation . 
3 186. However, this is not an anticipated operating condition. 

Water surface profiles along the basin walls a r e  shown in Figure 41 
for 12,000 cfs  with minimum and maximum tailwaters. The appear- 
ance of the flow in the basin for 12,000 cfs is shown in Figure 40. 

Flip bucket flow characteristics. --Flip bucket flows from the recom- 
mended stilling basin-flip bucket with and without the powerplant dis- 
charging a r e  shown in Figures 42 and 43, respectively. With the 
powerplant discharging, the tailwater under the jet mas above bucket 
lip elevation 3 17 0. Fo r  this condition the center of the underside of 
the jet was pulled downward, presenting a ragged appearance, This 
condition also existed for small flip bucket flows without the power - 
plant and outlet works operating because the smaller jets did not 
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ba$in,-stoplois will b; used to provide a bulkhead a i  the downstream 
end of the basin. When not in use, the stoplogs will be stored by 
spanning the basin from the top of one training wall to the other, 
Figure 9. There will be six stoplogs; each will be 18 inches wide 
by 3 feet 8 inches deep made up of three 18 WF 96 beams and will 
weigh 11,200 pounds. 

Tests were conducted using model logs to determine how high above 
the flow and how far  upstream the logs should be stored to prevent 
the flow from striking the logs. The model logs were constructed 
of wood and were geometrically dimensioned. One log was loaded 
with nails to provide the correct model weight. 

Fo r  small flows and for large flows, the jet did not impinge on the 
logs when they were stored at the downstream end of the basin at 
normal training wall elevation 3204. However, for intermediate * 

flows, Figure 48A, large particles of water separating from the 
jet impinged upon the logs and sometimes dislodged them. There- 
fore, it  was necessary to develop a facility that would store the 
stoplogs and provide a walkway a safe distance above the jet. 

The weighted log was tested at various elevations and distances 
from the end of the basin to determine the desired location of the 
downstream log. It was decided to place the downstream log at the 
minimum recommended distance from the downstream end of the 
basin wall and 11 feet 5 inches above normal training wall elevation 
3204, Figure 49. Even here, particles of water from the flow some- 
times wobbled the logs and dislodged the walkway grating, Figure 48. 
Therefore, full length guides a re  to be prqvided for log storage to 
prevent the logs from dislodging, and the walkway gratings a re  to 
be securely fastened. 

Channel erosion.--The banks of the r iver  channel downstream from 
the stilling basin consist of a considerable amount of a talus type of 
overburden that could quite easily be washed into the stream channel. 
The overburden will be removed to bedrock downstream from the 
spillway stilling basin to provide a discharge channel. into the river, 
Figure 2. About 163 feet downstream from the end of the basin the 
bedrock angles to the left so that it was necessary to extend the 
left bank of the discharge channel through the overburden. Riprap 
will be used to protect this portion of the bank from washing into the 
channel for  spillway flows up to 12, 000 cfs. 

Erosion tests of the left bankwere made using sand to represent the over- 
burden and gravel up to three-fourths inch indiameter to represent the 



When the spillway flow was increased to approximately 12,800 cfs 
in  addition to 8, 000 cfs from the powerplant and outlet works, the 
jump swept from the basin with minimum tailwater at Station 28+00, 
Figure 35, an6 the tailwater elevation at Station 13+00 and the 
powerplant was drawn down approximately 5 feet to elevation 3 182. 
With maximum tailwater at Station 28+00, which is approximately 
4 feet higher thanminimum tailwater, the flow swept from the basin 



13+60 and the p6we*lant were drawn down to approximately elevation 
3186, Figure 53. 

Increasing the spillway flow to 23, 000 cfs while maintaining the 
powerplant and outlet works at 8,000 cfs lowered the tailwater eleva- 
tions at the powerplant and at Station 13+00 to approximately 3 178.5 
and -3177.5, respectively, Figures 53 and 54. Increasjng the spill- 
way flow o r  changing-the. tailwater elevation at Station 28+00 in ac- 
cordance with whether o r  not the afterbay dam was washed out did not 
appreciably affect the tailwater elevation at Station 13+00 or the 
powerplant. 

Closing the powerplant, leaving 5, 000 cfs through the outlet works, 
lowered the tailwater at the powerplant and Station 13+00 to eleva- 
tions 3176.5 and 3 175.5, respectively, Figures 53 and 54. This is 
1 foot below the minimum tailwater elevation for which 5,000 cfs 
through the outlet works was designed. I /  Therefore, the outlet works 
should not be operated a t  maximum desTgn flow while the spillway is 
discharging approximately 23, 000 cfs o r  more, unless the powerplant 
is operating. 

When the outlet works was closed, leaving only 3, QOO cfs through 
the powerplant and at least  23,000 cfs through the spillway, the 
tailwater at the powerplant and Station 13+00 was lowered to approx- 
imately elevations 3 175 and 3 174, respectively, Figures 42, 53 and 
54. Closing both powerplant and outlet works lowered the tailwater 
elevation at both the powerplant and at  Station 13+00 to approximately 
elevations 317 1.7 and 317 1.3, respectively, Figures 43, 53, and 54. 

After completion of the model study the afterbay dam was designed for  
a reservoir storage capacity of 3, 150 acre-feet at water surface 
elevation 3192. Therefore, the tailwater curves shown inFigure 31, 
will not be valid. However, operation of the afterbay dam is such 
that the gates will be opened completely before the riverflow reaches 
20, 000 cfs. With the afterbay dam gates open and for  flows near  
20, 000 cfs, the tailwater at Stations 28+00, 13+00 and the powerplant, 
will be approximately as shown on Figure 31 for the 2,700-acre-foot 
afterbay dam. The hydraulic design of the stilling basin was based 
upon this tailwater elevation, a s  well as the minimum tailwater and 
therefore is a satisfactory design. 

If the material removed from the riverbed o r  from the channel banks 
by erosion is deposited in the r iver  channel, the tailwater elevation 
at the powerplant will be higher than those elevations shown in Fig- 
ures  53 and 54. Tests conducted with an erodible bed, Figure 33, 
showed that a bar  of eroded material would be deposited to  elevation 
3 195 in the r ive r  channel. Tailwater elevations in the powerplant 
tailrace for this condition, a re  shown in the following table: 

1 1 ibid . - 



Spillway worlrs and Total at elevation Tailwater 
discharge powerplant discharge downstream elevation 

cfs discharge cfs r iver gage at 
cf s Station 28+00 powerplant 

38,000 8,000 46,000 3195.5 3 184 
01,000 8,000 69,000 3200.5 3 188 
84,000 8,000 92,000 3202.0 3 188 

A further test  was made to determine the highest possible water sur-  
face at the powerplant. To obtain this information the spillway gates 
were suddenly closed while the powerplant and outlet works were dis- 
charging 8, 000 cfs and while the spillway &s discharging 92, 000 cfs. 
With the bar deposited to elevation 3 195 in the r iver  channel, a wave 
traveled upstream and reached elevation 3 194 at the powerplant. With 
no bar, the wave reached elevation 3189. This information was used 
to determine to what elevation protection against. flooding should be 
provided at the powerplant. 

Diversion flows .- -Before connecting the model reservoir  to the hori- 
zontal tunnel, the modified basin that had been developed at that time 
and the recommended trajectory were tested for diversion flows of 
20, 000 and 3 1,000 cfs, Figure 55. Minimum tailwater elevations 
as shown in Figure 3 1 at Station 28+00 for both flows were used in the 
tes t  since the afterbay dam would not be in existence during the diver- 
sion period. 

F o r  20,000 cfs, the flow in the tunnel trajectory was expected to be 
about 21.4 feet deep, and flowing at a velocity of about 35 feet per  
second. For  31,000 cfs, the flow depth was expected to  be 25.3 
feet and the velocity about 46 feet pe r  second. These depths were 
controlled by the slide gate in the model tunnel. 

Fo r  20,000 cfs, the position of the toe of the jump fluctuated within 
the tunnel near the portal exit. The hydraulic jump sealed the portal 

w 
part  time and eventually evacuated the a i r  and filled the tunnel. 
Similar conditions existed for  31, 000 cfs, but the tunnel filled more 
rapidly. . 
These flow conditions suggested that the tunnel be vented, and a 12- 
inch air vent was located in the crown of the tunnel at the point of 
curvature of the tunnel trajectory. With this  vent, the tunnel flowed 
a little more than one-half full for 20,000 cfs, Figure 55. For  
3 1,000 cfs, the tunnel flowed full to the a i r  vent and was partially 
full from the a i r  vent to the portal. The exact discharge for  which 
the tunnel upstream of the vent filled was not determined. The still- 
ing basin performance was satisfactory for both flows, Figure 55. 





The program increments the depth in iritervals of 0.1 foot until the 
correct  total head value has been passed. The increment is then 
changed to 0.001 foot and changed in sign so that the computation 
proceeds in the opposite direction until the correct value of total head 
has again been passed. The program then performs a test  to see  if 
the current depth or  the depth used in the previous step results in a 





1 FORM41 ( 
2 FORMAT ( 

READ INPUT 
HRITE  OUTP 

F I R S T  STATION 
30 WRITE OUTPUT T 
3 1  READ INPUT TAP 

I DENOTES SHA 
K = K + l  

101 READ INPUT TAP 
READ INPUT TAP 
K=K+2 

83  I F  ( 1 - 1  

1 0 4  AKEEP=DN 

32  DN=AKEEP 
DX=DX/10.0 
DN=DY+DX 

33 A=W+DN+SS+DN+DN 
HR=A/(W+200*SQRTF(DN* 

ote: Variables used in the program are definedfollowing 
this listing. 



GO TD 5 2  
CIRCULAR CONDUITS 

102  READ INPUT TAPE 5.1. STAeELINVt SBpR 
READ INPUT TAPE Spl.TLF.BLF,BENDRtBENDA 
K=K+2 
GO TO 82 

105  AKEEP=DM 
L=L+E. 
DN=DY+DX L 

I F  (DN) 34.34935 
34 DN=AKEEP 

DX=DX/20.0 
DN=DY+DX 5 

3 5  I F  (DN-R) 9 0 ~ 9 1 1 9 2  
LESS THAN HALF FULL 

9 0  ROOT=SORTF(I*R-(R-DN)*(R-ON)) 
TERM=RODT/(R-ON) 
ANGLE=ATANF(TERM) 
A=((R*R)*AN;LE)-((R-ON)*ROOTl 
HR=A/(Re2.0*ANGLE) 
GO T3 5 2  

EXACTLY HALF FULL 
9 1  A=( 3.1416*R*R)/2.0 -,-. 

HR=R/2.0 , ,  

GO T;) 5 2  
GREATER THAN HALF FULL 

9 2  ROOT=SQRTF(i%*R-(DN-R)*(DN-R)) 
TERM=ROOT/IDN-R) 
ANGLE=ATANF(TERM) 
A=(3r1416*R+R)-((R*R~ANGCE)-((DN-R)*RoOTl) 
HR=A/((2.0*3,1416*R)-Ipl~*2.0*ANGLE)) 
GO TD 52 

CIRZULAR T3 RECTANGULAR TRANSITIONS 
103  READ INPUT TAPE S ~ L ~ S T A ~ E L I N V ~ S B ~ R ~ E L C ~ E L ~ O W ~ R ~ ~ T  

READ INPUT TAPE 5,l.TLF.BLFtBENDRoBENDA 
K=K+2 
GO TD 82 ' , 

106 AKEEP=DN -"\ 

L = L + l  
DN=D?I+DX 

38 I F  (DN) 36.36.37 
3 6  DN=AKEEP . 

DX=DK/lOaO 
DN=DN+DX 
GO TO 38 

3 7  DIFFrON-(EL1-ELINV) 
DIFFI=DN-(€LC-ELINV) 
DIFFZ=ELl-ELC . 
I F  (DIFF) 53eS0.51 

EQUAL TO OR LESS THAN THE DEPTH OF THE RECTANGULAR SECTION 
5 0  I F  (DN-Rl )  61r60.60 
60 A=H*DN-2~0*(Rl*Rl-(3.1416*R1*R1/4~o))-~DN 

2 4 
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FIGURE 2 

















Spillway 12,000 cfs powerplant and outlet works 8, 000 cfs .  

YELLOWTAIL DAM SPILLWAY 

20, 000 cfs i n  t he  1:49. 95 s c a l e  model 



Figure 11 
Repor t  Hyd-483 

No flow f r o m  t h e  powerplant and out le t  works .  

YELLOWTAIL DAM SPILLWAY 

92,000 c f s  i n  t h e  1:49.95 scale mode l  





















A. 23,000 cfs B. 46,000 cfs 

C. 69,000 cfs D.* .92,000 cfs gz 
z'2 
3.6 

YELZOWTAIL DAM SPILLWAY 
- . ,  

Z N  
CC .* 

Flow in the intake structure ? 
* bP 

1:49.95 scale model 03 W 
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D I S C H A R G E  ((2)- 1000 C F S  D I S C H A R G E  

YELLOWTAIL D A M  SPILLWAY 
DISCHARGE CAPACITY AND COEFFICIENT CURVES FOR RECOMMENDED DESIGN Q = C L H  J/z ,where L i s  the crest 

1 : 4 9 . 9 5  S C A L E  MODEL length of both boys .  



Figure 25 
Report Hyd -483 

A. 23,000 cfs B. 46,000 cfs  

C. 69.000 cfs D. 92,000 cfs 

Note: A fin of water occurs downstream from center pier. 

YELLOWTAIL DAM SPILLWAY 

Flov in the tunnel transition 
1 :49.95 sca le  model 





- -w-  - 
Report Hyd-483 

E. 92,000 cfs 

YELLOWTAXL DAM SF'ILLWAY 

Flow in the inclined tunnel and vertical bend 
1:49.95 scale model 





REPORT HYD. 483 

VELOCITY - (  E P.S.) 

o -  Computed a t  P.C. of t u n n e l  T r a j e c t o r y  ( S t a . 2 1 + 4 3 . 5 0 )  See F i g u r e  12 

*- Assumed t o  be a s t r a i g h t  l ine  re1 a t i o n  

DISCHARGE TOTAL HEAD * DEPTH V E L O C I T Y  VELOCITY % HEAD FROUDE 

I N  F E E T  IN FEET/SEC.  HEAD I N  FEET LOSS NO. 

35.0 4.90 

40.7 5.26 

46.2 5.79 

59.5 6.20 

76.8 5.29 

* Depth at invert.  The Froude number computed here is  based 
on invert depth.  

Y ELLOWTAIL DAM SPILLWAY 
VELOCITY AND FLOW DEPTH 

AT TUNNEL TRAJECTORY PC. STA. 21+43.50  









A. Deposition of eroded material to eleva- 
tion 3195. 

B. Erosion to elevation 3120. 

Note: Erosion after discharging 92,000 cfs for 
approximately 1 hour (model time). 

Channel erooion test ' 

1:49.95 scale! model 















A. 12,000 cfs, tailwater elevation 3 186. 

33. 12,OOO cfs, tailwater elevation 3 190. 

C. 12,000 cfs, tailwater eleva- D. 12,000 cfs, tailwater eleva- 
tion 3186. 

Note: An additional 8,000 cfs i s  being discharged through the power- 
plant and outlet works. 'See Figures 7 and 8 for recommended 
basin dimensions. 

YELLOWTAIL DAX SPILLWAY 

Flow in the recommended W e 1  trajectory and stilling basin 
1 :49,95 scale model 







Notes : Powerplant and outlet 
works were not dis-  
charging. Tailwater 
elevation was regu- 
lated at Station 28+00. 
For all f l a ' ~ s  thetail- 
water at Station 13+00 
was at approximately 
elevation 3171.3. 

B. 46,000 cfs, tailwater elevation 3194.50. 

YELLOWTAIL DAM SPILLWAY 

Flow from the recommended flip bucket 
1:49.95 scale model 



A. 46,000 cfs, uncontrolled gate flow. 

B. 92,000 cfs. 

YELLOWTAIL DAM SPILLWAY 

Flow through the recommended s a n g  basin--flip bucket 
1:49.95 scale model 

















A. Tailwater elevation 3186 at Station 28+00. B. Tailwater elevation 3190 at Station 28+00. 

Note: Spillway 12,000 cfs, powerplant 3.000 cfs, and outlet works 5,000 cfs. 

YELLOWTAIL DAM SPILLWAY 

Tailwater conditions at the powerplant outlet works and spillway 
1:49.95 scale model A 1 
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A. Modified basin 220 feet long, 
invert at elevation 3145, dis- 
charging 20,000 cfs, tailwater 
elevation 3186 at Station 28+00. 

C. and D. Recommended tunnel 
trajectory with air vent 
and the modified basin 
,discharging 20,000 cfs. 
Position of toe of jump 
fluctuates from portal 
to about 25 feet upstream. 

E. and F. Discharge = 31,000 cfs. 

YELLOWTAIL DAM SPILLWAY 

Diversion fiows in the recommended tunnel trajectory 
and modified basin 
1 :49.95 scale model 





Figure 
Report 

Compare with Figures 55A and C. 

YELLOWTAIL DAM SPILLWAY 

Diversion flow of 20,000 cfs in the prototype basin 
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COHVPRSION FACT(XLS--BRITISH TO MEIRIC UNITS OF MEASIIRPMENT 

The following conversion factors adopted by the Bureau Of Reclamation are those published by the American Society for  
Testing a t  Haterials (ASICI Metric Practice Cuide, January 1964) except that  additional factors (r)  canmDnly wed i n  
the Bureau have been added. I W h e r  discussion of definitions of quantities ttnd units is given on pages 10-11 of the 
Am! Metric Practice Guide. 

The metric units  and conversion factors adopted by the ASIh! are based on the "International b e t a n  of Units" (designated 
SI for $ysteme International d'unites), fixed by the ~nternational  Camrdttee for  Weights and Measures; t h i s  wetem i s  
also !umrn a s  the Ciorgi or bfKSA (meter-kilogram (mass)-second-ampere) watem. This wetcm has been adopted by the 
Internetional Organization for  Standardization i n  IS0 Recannendation R-31. 

The metric technical unit of force is the kilogram-force; this i s  t h e  force which, when applied t o  a bcdy having a 
mass of 1 kg, gives it an acceleration of 9.80665 deec/sec, the standard acceleration of free f a l l  tmard the earth's 
center for  sea level  a t  45 deg latitude. The metric unit of force in  SI units  is the newton ( N ) ,  which is defined a s  
that  force which, when applied t o  e body having a mass of 1 kg, gives it an scceleration of 1 dsec/sec. These units 
must, be distinguished from the (inconstant) local weight of a bo4y havlog a mass of 1 Irg; that is, the weight of a 
body i s  tha t  force with which a bcdy i s  attracted t o  the earth and is equal t o  the mass of a bcdy nnrltiplied by the 
acceleration due t o  gravity. Horever, because it i s  gene- practice t o  use "pound" rather than the technically 
correct term "pound-force," the term "kilograms~ (or derived mass unit)  has been used i n  this guide instead of "kilogram- 
Eorce" i n  expressing the conversion factors for forces. ?ha n d o n  unit of force rill find increasing use, and is 
essential i n  SI units. 

Table 1 - 
To obtain 

mW;m 

. . . . . .  . . . . . . . . . . . .  Ell. 25.4 (exactly):. Micmn . . . . . . . . . . .  Inches 25.4 (exactly). . . . . . . .  ldtllinreters . . . . . . . . . . .  2.52 (exactly)* . . . . . .  Centimrters . . . . . . . . . . . .  Feet 30.48 (exactly) . . . . . . .  Centimsters . . . . . . . . . . . .  0.3046 (exactly)* . . . . .  )deters . . . . . . . . . . . .  0.0)03048 (elraatly)* . . . .  Xilomatars 
Yards. . . . . . . . . . . .  0 . 9 U  (accctlg) . . . . . .  llatera 
btlles (s tatute)  . . . . . .  1,609.w (ugc t ly)+  . . . . . .  haters . . . . .  . . . . . .  1.609344 (exactly) Kilometers 

AREA 

Square inches. . . . . . . .  6.4516 (exactly) . . . . . .  Square centimeters . . . . . . . .  . . . . . .  Square fset .  929.01 (exactW)*. Square centimeters . . . . . . . . .  0.092903 (exactly) . . . . .  Square meters . . . . . . . .  . . . . . . . . . .  Square yards 0.836327 Square msters . . . . . . . . . .  Acres. . . . . . . . . . . .  0.4046% Hectans . . . . . . . . . . . .  . . . . . . . . . . . .  4,M.W Square metere . . . . . . . . . . . .  0.- . . . . . . . . .  Square kilomstars . . . . . . . .  . . . . . . . . . .  Square miles 2.58999. Spuare k i l ~ ~ ~ t e r s  

VOLm5 

. . . . . . . .  . . . . . . . . . .  Cubic inches 16.3S7l. Cubic centimeter8 
Cubic f e e t  . . . . . . . . .  0.0283168 . . . . . . . . .  Cubic meters . . . . . . . . .  0.762555. Cubic meters 

CAPACITY 

Fluid ounces (U.S.) . . .  29.5737. . . . . . . . . . .  Cubic centinmters . . .  29.5729. . . . . . . . . . .  M l l i l i t e r a  . . . . . . . . .  Liquid pinta (U.S .) . . .  0.473179. Cubic decimeters . . . . . . . . .  . . .  0.473166. Liters . . . . . . . . . . .  . . . . . .  Quart6 (u.s.). 9,463.58. Cubic cen the ta rs  . . . . . . . . .  0.946358. Litere . . . . . . .  . . . . . . . . . . .  . . . . . .  Odllcme (U.S.) 3,785.43* Cubic cmt imtera  . . . . . .  3.78543 . . . . . . . . . .  Cubic decimsters . . . . . .  3.78533 . . . . . . . . . .  Liturs . . . . . .  0.0037854F . . . . . . . .  Cubic nrtere . . . . . . . . . .  oallans (U.K.) . . . . . .  4.5- Cubic decimeters . . . . . .  4.54596 . . . . . . . . . .  Liters . . . . . . . . . .  Cubia fee t  . . . . . . . .  28.3160. Utera  . . . . . . . . . . .  764.5% Liters 








